Abstract. The present review describes the advantages and updated applications of the T7 phage display system in bioscience and medical science. Current phage display systems are based on various bacteriophage vectors, including M13, T7, T4 and f1. Of these, the M13 phage display is the most frequently used, however, the present review highlights the advantages of the T7 system. As a phage display platform, M13 contains single-stranded DNA, while the T7 phage consists of double-stranded DNA, which exhibits increased stability and is less prone to mutation during replication. Additional characteristics of the T7 phage include the following: The T7 phage does not depend on a protein secretion pathway in the lytic cycle; expressed peptides and proteins are usually located on the C-terminal region of capsid protein gp10B, which avoids problems associated with steric hindrance; and T7 phage particles exhibit high stability under various extreme conditions, including high temperature and low pH, which facilitates effective high-throughput affinity elutriation. Recent applications of the T7 phage display system have been instrumental in uncovering mechanisms of molecular interaction, particularly in the fields of antigen discovery, vaccine development, protein interaction, and cancer diagnosis and treatment.
Introduction
In 1985, George Smith was the first to employ a phage display system (1) . He expressed, by inserting exogenous DNA into phage gene III, various foreign peptides on the capsid of the filamentous bacteriophage f1. Peptides and proteins of interest were obtained from a library of random insert genes in a phage display vector by ≥1 rounds of selection, thus facilitating the analysis of associations between genotype and phenotype (1) . The common principle of all phage display systems is that exogenous peptide-coding sequences are inserted into a phage capsid protein gene, which allows the expression of foreign proteins or peptides fused to the capsid protein of the phage particle (2) (3) (4) . Exogenous peptides or proteins of interest are subsequently selected from a large library of phage particles by techniques such as affinity elutriation (5, 6) . Phage display systems are an efficient and rapid tool in the investigation of protein sequences and have also been particularly important in proteomics.
Numerous bacteriophage species have been employed in phage display systems, including f1, fd, T4, M13 and T7, of which the latter two examples are considered to be efficient display vectors. The most commonly employed phage display system is M13 as it contains nonessential regions that allow exogenous gene insertions. Exogenous peptides, retaining their normal function, are expressed in the M13 coat proteins (7, 8) and the phage retains the ability to accumulate at high concentrations in hosts. Although a few of peptide repertoires successfully expressed in a cDNA library of filamentous phage (9, 10) , M13 phage display is associated with limitations in the construction of the cDNA library. The formation of fusion proteins consisting of the coat proteins and the expressed peptides, and the secretion of phage into the periplasm, are also potential problems in M13 phage display. However, these problems associated with M13 phage display may be avoided by using the T7 phage display system.
Rapid development in the research of pathogenic microorganisms and proteomics has been achieved through use of the T7 phage display system. Various virus vaccines, such as those against influenza virus and hepatitis B virus, require frequent development, and the methods of diagnosis and treatment of infectious diseases also require continuous improvement. By using a T7 phage display library, one study identified the mechanism underlying the anti-inflammatory Advances in the T7 phage display system (Review) (11) . In addition, a reconstructive T7 phage combined with a magnetic separation technique was applied for the detection of viable bacterial cells (12) . The favorable characteristics of the T7 phage result in a wide range of potential applications. The present study primarily describes the structure and biological properties of the T7 phage and its application through phage display system to various research areas, including the mechanism of protein interactions in biology, the discovery of novel pathogenic antigens, vaccine development, and cancer diagnosis and therapy.
T7 bacteriophage: Structure and biological properties
Bacteriophage T7 was defined in 1945 as one of the seven phages that replicate in E. coli (13) . The DNA of the T7 phage is 40 kb and is packed into the 60 nm diameter cavity formed by the capsid protein. The capsid, or head, is the outer protective shell of the phage, which protects the viral nucleic acid.
The phage particle consists of the following six major proteins: gp10A (primary capsid protein); gp10B (secondary capsid protein); gp8 (connector); gp11 and gp12 (tail proteins); and gp17 (tail fiber). The majority of the capsid protein is made up of gp10, which includes gp10A (344 amino acids) and gp10B (397 amino acids). Gp10A and gp10B are products of gene 10 and are expressed at a ratio of 9:1 under normal conditions. Gp10B is the result of a frame shift at the end of the gp10A coding frame (14) . Foreign proteins or peptides are fused to the C-terminus of gp10B (14, 15) . The proportion of gp10A and gp10B may vary according to conditions; however, this does not affect the activity of the phage (15) . A diagram of the structure of the T7 phage is presented in Fig. 1 , which highlights the connector between the head and tail. The connector is a ring structure that consists of multiple copies of gp8. Inside the head, the core of the T7 phage forms a cylindrical structure and this combines with gp8 to connect the head and tail. Gp15, gp14 and gp16 may form a pathway across the outer membrane of cells following the initial step of infection bacteria (16) . T7 adsorption to lipopolysaccharide on the cell surface may be similar to the T4 adsorption process (17) , however, it is more difficult for the T7 DNA to directly enter the cytoplasm of bacteria from the adsorption position. Therefore, in order to insert T7 DNA into bacteria, a tubular structure that traverses the outer membrane of bacteria is required. Cooperation between gp15 and gp16 completes the process of T7 DNA entry into the bacteria (18) . The details of this process are fully elucidated (19) , and the glycoproteins gp16 and gp15 are key factors in the transfer of T7 DNA to bacteria. The main function of the spiral ring formed by gp15 and gp16 is assisting T7 phage DNA into host bacteria (19) .
The advantages of T7 phage display system
T7 phage display libraries are formed of numerous phages that carry different exogenous genes and express different peptides on the surface of the phage shell. The amplification of phages that carry these exogenous genes leads to the replication of the foreign peptide in the library, which allows a large amount of the identical exogenous peptide to be expressed on progeny phage. In vivo and in vitro applications of the T7 phage display system exist (20) , however, the majority of applications are currently in vitro. The construction of T7 phage display libraries is associated with advantages that include easy accessibility and few equipment requirements (21) .
Phage display systems usually employ filamentous phages, including M13, fd, and f1 (22) . However, these vectors are associated with a limited cloning capacity, which in the case of M13 is <1,500 bp, and their genome exhibits markedly reduced stability following insertion of foreign DNA. By contrast, recombinant T7 is very stable, even with foreign gene inserts >1 kb. Compared with M13, advantages of T7 as a phage display vector include the following: T7 grows quickly and forms plaques within 3 h, which saves time during cloning and screening (23) , while M13 grows slowly; the construction of large display libraries is easier in T7 compared with M13; unlike filamentous phagemids, foreign cDNA library is directly inserted into T7 phage genome and expressed as capsid fusion proteins; various types of cDNA libraries may be constructed using T7 phage as a vector (23, 24) ; affinity elutriation, which is employed to select the proteins or peptides of interest in the display library, is efficient and effective with T7; and with T7, the likelihood of survival of the recombinant phage in the environment is reduced, as the host cell is required to produce T7 gene 10 to express proteins.
Applications of T7 phage display system
T7 phage display system for antigen and epitope discovery. The discovery of antigen, surface antigen on pathogenic microorganisms and cancer antigens, may be achieved using the T7 phage display system. Various studies have demonstrated the power of T7 phage display on the discovery of antigens (25, 26) . For example, a T7 phage display cDNA library was constructed from cell mRNA of bronchoalveolar lavage in the granulomatous inflammatory disease, sarcoidosis, which led to the identification of 1152 potential sarcoidosis antigens (27) . The discovery of useful antigens in epidemic diseases, such as influenza and tuberculosis, will aid the diagnosis and treatment of these diseases. The ectodomain of influenza A virus M2 protein, which may be expressed on the surface of the T7 phage, provides immunoprotection against influenza A (28) . Recent studies from our laboratory involved the construction of a Mycobacterium tuberculosis genomic library using T7 phage as a carrier, which was subsequently screened for the dominant M. tuberculosis antigen recognized in the serum of patients with tuberculosis (Yanhua Zeng et al, unpublished data).
In addition, phage peptide libraries allow the rapid determination of the sequence of protein epitopes, and have become a powerful tool for investigating the interaction between epitopes and antigen receptors. At present, studies have employed phage display to identify epitopes for human immunodeficiency virus (HIV) (29) , hepatitis C virus (30), West Nile virus (31) , Mycoplasma pneumoniae (32) , Streptococcus pneumoniae (33) , Helicobacter pylori (34) and streptococcus disease pathogens in pigs (35) . The VP1 epitope displayed by T7 phage may be used as a potential diagnostic reagent in foot-and-mouth disease (36) . In addition, an immunodominant epitope that originated from the rat erb-b2 receptor tyrosine kinase 2 (HER-2/neu) oncoprotein was expressed by T7 bacteriophage nanoparticles. The induction of robust cytotoxic T lymphocyte (CTL) responses indicated that T7 phage nanoparticles offer higher levels of immunogenicity on the HER-2-derived minimal CTL epitope (37) . Therefore, these results indicate that phage display, particularly the T7 phage display system, may be a powerful tool for antigen discovery and epitope identification.
T7 phage display system for the investigation of molecule interactions. Protein interaction has a major role in numerous biological processes. The primary process of the identification of small peptides or proteins is by using the corresponding ligands or receptors as molecular targets to search phage display libraries. The proteins that interact with a novel mineralocorticoid receptor (MR) were identified by employing T7 phage display (38) . To identify proteins that interact with MR, researchers, using MR as bait, screened T7 phage cDNA libraries derived from either human heart or kidney RNA (38) . The results identified 23 non-redundant peptides obtained from the heart library and 7 from the kidney library. In addition, a T7 phage display cDNA library based on N2a cells was constructed and the library was screened with soluble porcine hemagglutinating encephalomyelitis coronavirus (PHE-CoV) glycoproteins. The results identified a novel interaction between neural cell adhesion molecule and PHE-CoV spike protein, and this association proved to be critical during PHE-CoV infection (39) . Obesity leads to a variety of consequences for a large number of individuals. An improved screening system based on T7 phage display was reported to be an efficient method for identifying tubby-binding proteins (40) , which may lead to improvements in the understanding of the mechanisms in obesity. Furthermore, a novel coregulator, SH3 and SYLF domain-containing 1, which interacts with the androgen receptor was identified using T7 phage display (41) . These studies demonstrate the practicability of T7 phage display on the identification of ligands or receptors. In addition, the use of T7 phage display libraries with drugs has allowed researchers to investigate interactions between peptides expressed on the surface of phages and drugs. Etoposide functions as an antitumor agent, and E2F transcription factor 4 was demonstrated to be an etoposide-binding protein through T7 phage display (42) . Furthermore, T7 phage display may also be performed to investigate the associated mechanisms of host interaction with pathogenic microorganisms. For example, the mechanism of the interactions between certain pathogenic microorganisms and hosts was explored using T7 cDNA display, and it has been hypothesized that the peptides identified in such studies may be useful for pathogen detection and identification (43, 44) . To improve the understanding of the molecular pathogenesis of gastrointestinal anthrax, one study employed T7 phage display based on the human stomach to identify the proteins that interact with anthrax lethal factor (45) . Additionally, by using T7 phage displays, another study identified the inhibitory peptides that exhibited anti-endotoxin activity in vivo and in vitro (46) . More recently, our own research group constructed a cDNA library from human urothelium cell RNA using T7 phage as a carrier and screened for receptors of Mycoplasma genitalium adhesion protein (Daipei et al, unpublished data). The results of the above studies demonstrate the value of T7 phage display system for the investigation of the interactions between molecules, particularly with regards to protein interaction. With further improvements in the technology, we anticipate that the T7 phage display system may have a central role in proteomics research.
T7 phage display system for vaccine development.
Phage display systems, including the T7 phage display system, have been widely used in prophylactic vaccine and therapeutic vaccine development due to a number of advantages, which include simplicity, high levels of safety and stability, and ease of storage and transport (47) .
Prophylactic vaccines. The T7 phage display system aids the development of novel vaccines. A sequence encoding the immunodominant region of small hepatitis B virus surface antigen was inserted into the DNA of T7 phage, and the peptide (111-156 amino acids) that was expressed on the surface of the T7 phage induced antigenicity and immunogenicity (48) . In addition, the T7 phage display system has been employed in research concerning foot and mouth disease (FMD), which is a highly contagious disease during childhood. The immunodominant region of the capsid protein VP1 of the FMD virus was displayed on the T7 phage capsid surface, which may aid research and the development of a vaccine for FMD (36) . At present, an effective vaccine for the prevention of neosporosis is not available. However, one study employed T7 phage display to identify the host cell binding protein that interacts with neosporosis, and this binding protein induced partial immunological protection against neosporosis in mice, which indicates its potential as a candidate vaccine (49) . The results of these studies highlight the potential of T7 phage display in the development of preventative vaccines.
Therapeutic vaccines. Although single-chain variable fragment antibodies (ScFvs) are extremely useful, they are often unstable and difficult to express individually in bacteria. These limitations may avoid through T7 phage display single antibody library technology. ScFvs exert a positive effect Figure 1 . Detailed structure of T7 phage. The genetic material of the T7 phage is linear double-stranded DNA. The primary function of the outer shell, which is termed the capsid and consists predominantly of gp10A and gp10B, is to protect the DNA. The injection of DNA into the host cell requires the presence of a tapered internal cylinder. The primary role of the tail fiber is to fix the T7 phage onto the surface of host cell during the process of adsorption; if the tail is too short, it cannot puncture the outer membrane of the host cell. The connector is a ring structure that consists of multiple copies of gp8 and connects the head and tail.
on the prevention and treatment of a variety of diseases, including those induced by hepatitis C virus (50), avian influenza viruses (51), rabies virus (52) . In addition, the use of phage display systems in this context facilitates screening for ScFvs. HIV gp120-specific ScFvs were selected for use as therapeutic vaccines, and subsequent tests demonstrated excellent efficiency against infection in vitro (53). With regards to the application of T7 phage display to therapeutic vaccines, a T7 phage cDNA library of the infective larval stage of Brugia malayi, the causative agent of lymphatic filariasis, was established. Upon screening of this library with sera from patients, the researchers were able to identify potential vaccine candidates (54) . Trichinella spiralis nudix hydrolase protein, which was identified by a T7 phage display cDNA library, led to the generation of local protective immunity in mice (55) . The results of these studies indicate that T7 phage display is promising for the identification of candidate vaccine antigens of infectious agents, and for therapeutic vaccine development more generally.
T7 phage display system for cancer diagnosis and treatment.
The traditional approaches to cancer diagnosis and treatment are inefficient, expensive and have low precision. Over the last decade, however, the diagnosis and treatment of cancer has progressed greatly, including the application of novel molecular imaging probes and therapeutic agents (56) (57) (58) . Furthermore, advances in phage display technology and the development of phage particles have provided further opportunities for the detection and treatment of cancer (59, 60) . A trackable nanoplatform for positron emission tomography that is based on T7 phage particles was developed as a cancer imaging method (61) . This method, therefore, provides the foundations for the construction of cancer-specific theranostic agents and may be applicable to other receptor/ligand systems for theranostic agent construction. A few of peptides that may inhibit tumor growth were generated by utilizing T7 phage display technology (62) (63) (64) . Using multimodal biopanning of T7 phage-displayed peptides, the site that roxithromycin binds to was identified as the extracellular domain of angiomotin, which is an anti-angiogenic inhibitor angiostatin, leading to the restriction of angiogenesis-dependent tumor growth and metastasis (65) . Furthermore, the proteins that interact with sulfoquynovosylacylpropanediol, a novel anticancer agent, were identified using T7 phage display based on HeLa, lung tumor and human umbilical vein endothelial cells (66) . Prostate cancer is an important health risk to men, and a novel photothermal therapy employed gold nanoparticles that were formed from genetically modified T7 phages (67) . The aforementioned studies highlight the potential of the T7 phage particle and T7 phage display in cancer diagnosis and treatment.
Additionally, human monoclonal antibodies that are isolated by T7 phage display libraries may directly detect tumor markers. In breast cancer, research has previously focused on tumor-associated antigens that may be used for detection of cancer. Cancer antigen 15-3 is a traditional biomarker in breast cancer, and its levels are increased in 75% of advanced-stage patients, while levels are raised in <10% of early stage patients (68) . Certain results have indicated that the diagnostic accuracy of breast cancer using these serologic biomarkers may be improved by the use of T7 phage display in combination with autoantibodies (68) . Autoantibodies, which exhibit specificity and stability in sera, against tumor-associated antigens may be used for the early detection of cancer in Non-binding bacteriophages are washed away, and phages that bind specifically with target molecules are eluted and harvested by 3-5 rounds of panning. The T7 phage display system may be performed for antigen discovery, the identification of DNA-protein and protein-protein interactions, vaccine development, and disease diagnosis and treatment.
noninvasive serological tests (69) . A series of representative antigens that led to humoral responses in patients with gastric cancer (GC) were identified by using T7 phage display-based serological analysis of recombinant cDNA expression libraries. Subsequently, phage-antigen microarrays were produced and used to research the autoantibodies produced in patients with GC (69) . At present, the early diagnosis of head and neck squamous cell carcinoma (HNSCC) is difficult. However, 5,133 selectively cloned tumor antigens were identified by phage display libraries based on three kinds of diverse HNSCC tissues (70) . In addition, to identify valid lung cancer-associated antigens, early screening of patients with lung cancer was performed by diagnostic protein chips derived from a lung cancer T7 phage cDNA library (71, 72) . As an anticancer drug, methotrexate (MTX) is applied in tumor therapy, and the identification of MTX-binding proteins was performed using T7 phage display (73) . Generally, it is seemingly impossible by the naked eyes to count the cancer biomarker miRNAs, but it may be quantified by utilizing the method based on T7 phage display system (74) . These studies indicate that the T7 phage display system may aid the development of anticancer drugs and improvement the accuracy of diagnosis.
Concluding remarks and further perspectives
Phage display technology is a fast, highly efficient and relatively cheap method in bioscience research. The diversity among phage species underlies the differences among the various phage display systems, with commonly used vectors including the M13 and T7 phages. The present review has summarized the advantages of the T7 phage display system over the M13 phage display system. The T7 phage display system has various practical applications in biomedical research, including the investigation of mechanisms of disease, improving the accuracy of cancer diagnosis and the design of potential therapeutic agents and vaccines. A diagram of the principle, process and application of the T7 phage display system is presented in Fig. 2 .
The current review has outlined the various advantages of the T7 phage display system; however, improvements in the technology are still required. The current limitations of T7 phage display include the following: There are limits to the complexity of peptide display libraries in E. coli, with conversion efficiencies in the region of 10 7 -10 8 , and a peptide library may only have a capacity of 10 9 different sequences; as phage display technology, including T7 phage display, is dependent on the expression of genes within live host cells, it is difficult to effectively express and display toxic molecules; the genes of encoded peptides have certain preferences, whereby the same amino acid for degenerate codon use frequency is not the same, which limits the diversity of the peptide library; amino acid modifications, such as phosphorylation, are restricted by the biology of the host bacterium. Therefore, future studies should focus on improving these limitations to further improve T7 phage display systems.
